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HIGHLIGHTS 


►  KxMn02  •  nH20  presents  different  electrochemical  behaviors  in  three  aqueous  electrolytes. 

►  The  reasons  for  the  different  electrochemical  behaviors  were  elucidated. 

►  KxMn02  ■  nH20  displays  a  superior  power  and  cycling  performance  in  I<2S04  electrolyte. 
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The  charge/discharge,  electrochemical  impedance,  cyclic  voltammogram,  and  cycling  behaviors  of 
crystalline  KxMn02  •  nH20  as  cathode  material  for  supercapacitors  in  Li2S04,  Na2S04,  and  K2S04  elec¬ 
trolytes  were  compared.  The  different  power  and  cycling  performance  of  KxMn02  •  nH20  during  charge/ 
discharge  in  the  three  electrolytes  were  elucidated  by  analyzing  its  composition  and  structure  evolution. 
Compared  with  the  Li2S04  and  Na2S04  electrolytes,  the  highest  ionic  conductivity  of  I<2S04  electrolyte, 
the  fastest  charge-transfer  process  and  slightest  structural  evolution  of  KxMn02  nH20  during  charge/ 
discharge  in  the  K2S04  electrolyte  lead  to  a  superior  power  and  cycling  behavior  for  supercapacitor 
application. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  have  become  an  indispensable  part  in  our 
daily  life  ascribed  to  their  wide  applications  as  power  sources  of 
portable  electronic  devices.  Correspondingly,  a  large  quantity  of 
lithium  is  being  consumed  every  year.  Especially,  the  imperative 
development  of  hybrid  electric  vehicles/electric  vehicles  based  on 
lithium  ion  batteries  will  require  hundreds  or  thousands  of  times 
the  amount  of  lithium  in  portable  devices  [1,2].  Considering  that 
the  natural  resources  of  lithium  are  limited,  alternatives  to  lithium 
ion  batteries  are  necessary  in  the  long  run.  A  feasible  strategy  is  to 
explore  novel  energy  storage  systems  using  Na+  or  I<+  as  working 
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ions  [3—6],  Moreover,  Na+  and  K+  are  more  naturally  abundant 
than  Li+,  and  their  inorganic/organic  salts  are  usually  cheaper  and 
more  readily  available  than  those  based  on  Li+  [3],  Nonetheless, 
whether  the  electrochemical  performance  of  energy  storage 
systems  based  on  Na+  or  K+  working  ions  is  superior  to  those  based 
on  Li+  is  the  key  question  that  should  be  answered  currently  [7], 
Supercapacitors  are  capable  of  working  at  much  higher  power 
density  and  possess  a  much  longer  cycling  life  than  lithium  ion 
batteries.  Among  the  various  high-energy  electrode  materials  such 
as  Ru02  [8],  Mn02  [9—11],  M0O3  [12],  and  V2Os  [13,14]  for  super¬ 
capacitors,  Mn02  is  the  most  promising  one  for  practical  applica¬ 
tion  due  to  its  low  cost,  high  faradic  capacitance,  and  good  cycling 
performance.  Mn02  has  been  demonstrated  to  be  capable  of 
producing  faradic  capacitance  using  Na+  or  K+  as  well  as  Li+  as 
working  ions  [15].  In  our  previous  work  and  other  literature’s 
report,  manganese  dioxides  were  found  to  present  different 
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Fig.  1.  (a)  Galvanostatic  charge/discharge  curves  of  K;,Mn02  ■  nH20  electrodes  in  Li2S04,  Na2S04,  and  K2S04  electrolytes  at  various  current  densities,  (b)  variation  of  discharge 
capacitance  as  the  current  density  increases,  (c)  Nyquist  plots  of  KJIMn02  ■  nH20  electrodes  at  the  open-circuit  potential,  and  (d)  schematic  illustration  of  the  hydrated  ionic  radius 
and  migration  rate  of  three  types  of  alkaline-metal  cations. 


capacitance  and  power  ability  in  Li+,  Na+,  and  K+-based  electrolytes 
[15—18].  However,  the  reasons  remain  to  be  further  understood  and 
the  effect  of  various  electrolytes  on  the  cycling  ability  of  manganese 
dioxide  also  needs  to  be  identified. 

In  this  work,  the  different  power  and  cycling  performance  of 
a  crystalline  birnessite-Mn02,  namely  I<xMnC>2  ■  11H2O,  during 
charge/discharge  in  Li2S04,  Na2S04,  and  K2SO4  aqueous  electrolytes 
were  elucidated  by  analyzing  their  electrochemical  behaviors,  and 
the  corresponding  composition  and  structural  evolution.  It  was 
found  that  intercalation/deintercalation  of  Li+,  Na+,  or  K+  into/from 
the  interlayer  spacing  of  I<xMn02nH20  results  in  varying  crystal¬ 
line  structure  changes.  Compared  with  the  U2SO4  and  Na2S04 
electrolytes,  the  highest  ionic  conductivity  of  K2SO4  electrolyte,  the 


fastest  charge-transfer  process  and  slightest  structural  evolution  of 
KxMn02  ■  11H2O  during  charge/discharge  lead  to  the  superior  power 
and  cycling  performance  in  the  K2SO4  electrolyte. 

2.  Experimental 

KxMn02  precursor  was  prepared  by  ball-milling  the  mixture  of 
K2CO3  and  MnC>2  in  a  molar  ratio  of  1:2  for  12  h,  followed  by 
calcination  at  550  °C  for  8  h.  The  precursor  was  washed  several 
times  with  water  to  remove  residual  K2CO3  and  then  dried  at  60  °C. 
Elemental  analyses  by  energy  dispersive  X-ray  (EDX,  Philip  XL30) 
and  thermal  gravimetric  analysis  (TGA,  Perkin— Elmer  TGA  7)  for 
the  as-prepared  powder  indicate  that  the  primary  composition  of 


Fig.  2.  (a)  CV  curves  of  K„Mn02  nH20  electrodes  in  the  three  aqueous  electrolytes  at  the  scan  rate  of  5  mV  s  ',  and  (b)  capacitance  change  of  K.Mn02riH20  electrodes  during 
extended  cycles. 
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the  product  is  Ko.3MnO2  O.6H2O  [19].  The  existence  of  H20  results 
from  the  washing  process  during  the  preparation. 

For  electrochemical  tests,  the  I<xMn02-nH20  electrode  was 
prepared  by  the  following  process.  At  first,  a  thin  film  composed  of 
a  mushy  mixture  of  K*Mn02  ■  nH20,  acetylene  black  and 
poly(tetrafluoroethylene)  (PTFE)  in  a  weight  ratio  of  85:10:5  was 
prepared,  and  then  punched  into  small  disks  with  a  diameter  of 
10  mm.  These  disks  were  pressed  onto  a  Ni-grid  at  a  pressure  of 
12  MPa  and  then  dried  at  70  °C  for  5  h.  Li2S04,  Na2S04,  and  K2SO4 
aqueous  solutions  with  the  concentration  of  0.5  mol  L_1  were  used 
as  electrolytes.  Electrochemical  tests  of  the  KXM  116)2 1 11H2O  elec¬ 
trodes  were  performed  using  a  three-electrode  cell,  in  which  Ni- 


grid  and  saturated  calomel  electrode  (SCE)  were  used  as  the 
counter  and  the  reference  electrode,  respectively.  Cyclic  voltam- 
metric  (CV)  and  galvanostatic  charge/discharge  tests  of  the 
KxMn02  -nH20  electrode  were  performed  in  the  potential  range  of 
0—1.0  V  vs.  SCE.  Electrochemical  impedance  spectra  were  recorded 
from  105  to  0.01  Hz,  and  the  amplitude  of  the  potential 
perturbation  was  10  mV.  X-ray  diffraction  (XRD,  Rigaku  D/MAX- 
1IA  X-ray  diffractometer)  was  used  to  investigate  the  structural 
changes  of  I<*Mn02  ■  nH20  electrode  at  the  end  of  charge  and 
discharge.  EDX  was  used  to  analyze  the  chemical  composition  of 
KxMn02-nH20  electrode  during  charge/discharge  in  U2SO4, 
Na2S04,  and  K2SO4  electrolytes. 


cps 
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Fig.  3.  EDX  spectra  and  the  corresponding  chemical  composition  of  I<xMn02  nH20  electrodes  after  discharge  in  the  three  electrolytes. 
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3.  Results  and  discussion 

Previous  work  shows  that  the  as-prepared  KxMn02nH20 
materials  are  composed  of  aggregated  particles  with  size  ranging 
from  50  to  200  nm.  A  lamellar  structure  with  thickness  of  less  than 
10  nm  can  be  observed  clearly  for  these  particles  [19],  A  rather  low 
BET  surface  area  of  4  m2  g-1  is  got  due  to  the  aggregation  of  these 
particles. 

The  galvanostatic  charge/discharge  curves  of  KxMn02  ■  nH20 
electrodes  in  U2SO4,  Na2S04,  and  K2SO4  electrolytes  at  various 
current  densities  are  shown  in  Fig.  la.  All  the  curves  deviate  from 
the  ideal  straight  line,  indicative  of  pseudocapacitive  nature  due  to 
the  Mn3+/Mn4+  conversion.  At  a  low  current  density  of  100  mA  g-1, 
KxMn02  •  nH20  presents  similar  discharge  capacitance  in  the  three 
electrolytes  (about  142  F  g-1).  As  the  current  density  increases,  the 
capacitance  gradually  decreases  with  different  slopes  (Fig.  lb).  At 
the  current  density  of 4000  mA  g-1,  KxMn02  •  nH20  maintains  about 
90%  of  its  primary  capacitance  in  K2S04  electrolyte,  in  sharp 
contrast  to  68%  of  capacitance  retention  in  Li2S04  electrolyte,  sug¬ 
gesting  a  superior  power  ability  of  K2SO4  electrolyte. 

Electrochemical  impedance  spectroscopy  was  employed  to 
investigate  the  electrode  kinetics  of  I<xMn02  •  nH20  in  the  three 
electrolytes.  The  open-circuit  potentials  of  KxMn02  ■  nFfcO  elec¬ 
trodes  in  Li2SC>4,  Na2S04,  and  K2SO4  electrolytes  are  0.34,  0.31,  and 
0.28  V  vs.  SCE,  respectively.  Nyquist  plots  of  KxMn02  •  nH20  elec¬ 
trodes  in  the  three  electrolytes  at  the  open-circuit  potentials 
(Fig.  lc)  are  similar,  consisting  of  a  semicircle  at  mid-high  frequency 
and  a  linear  region  at  low  frequency.  The  intercept  on  real  axis  at 
high  frequency  reflects  the  equivalent  series  resistance  (ESR), 
which  is  related  to  the  electrolyte  resistance,  intrinsic  electrical 
resistance  of  grains,  and  the  contact  resistances  of  grain-to-grain 
and  grain-to-current  collector.  The  ESR  values  of  KxMn02  nH20 
electrodes  in  Li2SC>4,  Na2S04,  and  K2SO4  electrolytes  are  4.2, 3.3,  and 
2.5  O,  respectively.  The  charge-transfer  resistance  (Rct)  can  be 
estimated  from  the  diameters  of  semicircles  on  real  axis.  It  can  be 
seen  that  the  charge-transfer  process  occurring  on  the  electrode/ 
electrolyte  interface  proceeds  most  readily  in  the  K2SO4  electrolyte. 
As  for  the  linear  region  at  low  frequency,  the  more  vertical  the  line 
is,  the  faster  the  capacitance  is  formed  on  the  electrode  surface. 
Among  the  three  types  of  electrolytes,  KxMnC>2  ■  nF^O  displays  the 
most  conspicuous  capacitive  feature  in  the  K2SO4  electrolyte.  For 
the  Na2S04  and  Li2SC>4  electrolytes,  the  slope  of  the  linear  part  is 
obviously  smaller  than  that  in  K2SO4,  suggesting  that  the  electrode 
reaction  tends  to  be  under  diffusion  control.  A  schematic  is  shown 
in  Fig.  Id  to  illustrate  the  different  impedance  behaviors  of 
KxMn02  •  nH20  electrodes  in  the  three  aqueous  electrolytes.  The 
molar  ionic  conductivity  of  the  three  types  of  alkaline-metal  ions  in 
aqueous  solutions  (K:  73.5  S  cm2  mol-1,  Na:  50.1  S  cm2  mol-1,  Li: 
38.6  S  cm2  mol-1)  [16],  namely  their  migration  rate,  is  supposed  to 
account  for  the  different  electrolyte  resistance  and  the  corre¬ 
sponding  ESR.  Since  the  hydrated  ionic  radius  of  the  three  alkaline- 
metal  ions  are  similar  (K+:  3.31  A,  Na+:  3.58  A,  and  Li+:  3.82  A)  [16], 
the  different  Rct  and  capacitive  features  should  be  mainly  affected 
by  their  different  solvation  interactions.  I<+  possesses  the  weakest 
solvation  interaction  with  H2O  due  to  its  smallest  charge  density, 
making  it  dehydrate  readily  in  the  interior  of  the  porous  electrode. 
As  a  result,  the  charge-transfer  process  occurs  facilely  and  the 
double-layer  capacitance  is  formed  rapidly  on  the  electrode/elec¬ 
trolyte  interface.  All  the  above  impedance  results  explain  the  best 
power  ability  of  KxMn02-nH20  in  the  K2SO4  electrolyte. 

CV  curves  of  I<xMn02  nH20  electrodes  in  the  three  aqueous 
electrolytes  at  the  scan  rate  of  5  mV  s-1  are  presented  in  Fig.  2a.  A 
couple  of  reversible  redox  peaks  can  be  observed  distinctly  for  all  the 
three  electrolytes,  suggesting  the  faradic  pseudocapacitive  nature  of 
KxMn02  •  nH20  material.  Previous  work  on  the  crystalline  structure 


and  chemical  composition  of  KxMn02  •  nH20  during  electrochemical 
cycles  in  K2SO4  electrolyte  indicates  that  this  couple  of  redox  peaks 
is  concerned  with  the  reversible  intercalation/deintercalation  of  K+ 
into/from  crystalline  KxMnC>2  -  nH20  lattice  [19—21  ].  In  this  work,  the 
three  types  of  electrolytes  lead  to  slightly  different  potentials  of 
these  redox  peaks.  In  addition,  the  redox  peaks  of  KxMn02  nH20 
electrodes  are  considerably  more  distinct  than  those  of  Mn02  re¬ 
ported  in  literatures,  which  can  be  ascribed  to  the  high  crystallinity 
of  KxMnC>2  ■  tiF^O  material.  This  phenomenon  is  consistent  with  that 
occurred  on  porous  vanadium  oxide  during  the  redox  transition, 
where  intercalation/deintercalation  of  K+  can  be  enhanced  by 
tuning  the  crystalline  structure  of  vanadium  oxide  [22]. 


Fig.  4.  Ex-XRD  patterns  of  K*Mn02  •  electrodes  during  charge/discharge  at  the 

current  density  of  100  mA  g~\ 
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Fig.  5.  The  interlayer  distance  of  KxMn02  ■  nH20  material  after  the  third  discharge  in  the  three  electrolytes. 


The  capacitance  change  of  K^MnC^-nThO  electrode  during 
extended  cycles  is  shown  in  Fig.  2b.  In  the  K2SO4  electrolyte,  no 
obvious  capacitance  loss  is  observed  after  850  cycles.  In  contrast, 
the  capacitance  fades  rapidly  for  the  Li2S04  electrolyte  with  only 
87%  of  capacitance  retained.  The  different  electrochemical  behav¬ 
iors  of  I<xMn02  ■  nH20  electrodes  in  the  U2SO4,  Na2S04,  and  K2SO4 
electrolytes  further  prove  that  alkaline-metal  ions  participate  in  the 
electrode  reaction. 

Elemental  analysis  results  obtained  through  EDX  spectroscopy 
(Fig.  3)  show  a  K/Mn  atomic  ratio  of  0.300  in  K*MnC>2 -  11H2O  elec¬ 
trode  after  discharge  (corresponding  to  intercalation  of  cations)  in 
the  K2SO4  electrolyte.  In  contrast,  after  discharge  in  the  U2SO4  and 
Na2S04  electrolytes,  the  energy  peaks  characteristic  of  I<  are  very 
weak,  and  the  corresponding  K/Mn  ratios  (0.014  and  0.019)  are 
much  lower  than  that  cycled  in  the  K2SO4  electrolyte.  However, 
after  discharge  in  the  Na2S04  electrolyte,  the  energy  peak  charac¬ 
teristic  of  Na  is  strong,  and  the  detected  Na/Mn  ratio  (0.286)  almost 
equals  to  the  above  K/Mn  ratio  of  0.300.  Li  cannot  be  detected 
through  EDX  because  of  the  detection  limit.  These  elemental 
analyses  along  with  the  above  electrochemical  characterizations 
validate  that  the  major  working  ions  of  KxMnC>2  ■  nH20  electrodes 
after  the  first  cycle  in  the  L^SCU,  Na2S04,  and  K2SO4  electrolytes  are 
Li+,  Na+,  and  K+,  respectively.  It  is  noteworthy  that  the  elemental 
analysis  results  are  much  different  from  those  reported  in  literature 
[23].  Some  researchers  proposed  that  Na+  was  not  incorporated 
into  the  reduction  reaction  of  Mn02  due  to  the  absence  of  Na  signal 
in  the  X-ray  photoelectron  spectra  [23].  But  in  this  work,  the  Na 
signal  in  the  EDX  spectra  is  very  strong  at  the  end  of  discharge.  In 
our  opinion,  Na+  ions  also  participate  in  the  redox  reaction  since 
KxMn02-nH20  manifests  a  very  obvious  intercalation/dein¬ 
tercalation  reaction  due  to  its  high  crystallinity. 

Crystalline  structure  changes  of  KxMnC>2  ■  nH20  electrodes  after 
charge/discharge  at  the  current  density  of  100  mA  g  1  were 
examined  through  XRD.  As  shown  in  Fig.  4,  for  all  the  three  elec¬ 
trolytes,  the  interplanar  spacing  of  KxMn02  ■  11H2O  increases  slightly 
after  the  charge  process  (diffraction  peaks  at  lower  degree),  and 
then  decreases  during  the  following  discharge  (diffraction  peaks  at 
higher  degree).  According  to  Bragg’s  law,  the  interplanar  distance 
(d)  of  K*Mn02-nH20  can  be  calculated  from  XRD  patterns.  The 
d  changes  of  (003)  planes  at  the  end  of  the  third  charge/discharge  in 
the  Li2S04,  Na2SC>4,  and  K2SO4  electrolytes  are  calculated  to  be  0.29, 
0.20,  and  0.16  A,  respectively.  Since  KxMn02-nH20  electrode 
exhibits  similar  discharge  capacitance  in  the  three  electrolytes  at 
the  current  density  of  100  mA  g  ,  its  varying  structural  changes 
can  be  mainly  ascribed  to  the  different  binding  interactions  of  three 
types  of  alkaline-metal  cations  with  the  MnC>2  framework.  In 
addition,  it  is  found  that  the  interlayer  distance  decreases  drasti¬ 
cally  after  the  discharge  in  the  Li2S04  electrolyte.  This  should  be 
due  to  the  larger  charge  density  of  Li+  than  those  of  Na+  and  K+, 
and  its  strong  interaction  with  Mn02  framework  makes  the  layered 
structure  contract  significantly  (Fig.  5).  The  different  structural 
evolution  of  KxMn02  •  nH20  in  the  three  electrolytes  further  verifies 
the  intercalation/deintercalation  of  different  electrolyte  cations. 
Furthermore,  the  above  XRD  analysis  manifests  one  advantage  of 
this  work.  In  others’  work,  the  intercalation/deintercalation  process 
of  Ca2+,  Li+,  Na+,  and  I<+  cannot  be  actually  validated  because  of  the 
low  crystallinity  of  MnC>2  materials  [23,24]. 


The  cycling  performance  of  KxMn02-nH20  electrodes  in  the 
Li2S04,  Na2S04,  and  K2SO4  electrolytes  is  also  correlated  to  the 
different  crystalline  structure  changes.  The  superior  cycling 
behavior  of  KxMn02  ■  nH20  in  the  K2SO4  electrolyte  (Fig.  2b)  can  be 
ascribed  to  its  slightest  structural  expansion/contraction  during 
charge/discharge,  while  the  worst  cycling  behavior  observed  for 
the  U2SO4  electrolyte  corresponds  to  the  significant  interplanar 
distance  changes.  As  we  know,  volumetric  variations  tend  to  result 
in  gradual  mechanical  failure  of  electrode  materials  upon  cycling 
and  deteriorate  the  electrical  contact  among  the  constituent 
particles  within  the  electrode  [25],  For  instance,  significant  volu¬ 
metric  changes  ofSn02  [26]  and  Si  [27]  materials  are  detrimental  to 
their  long-term  cycling  behaviors.  XRD  patterns  of  KxMn02-nH20 
electrodes  after  800  cycles  (Fig.  4)  show  that  the  crystallinity  of 
KxMn02  -nH20  in  the  Na2S04  and  K2SO4  electrolytes  is  maintained 
much  better  than  that  in  the  Li2S04  electrolyte.  These  results  also 
suggest  that  drastic  volume  changes  of  KxMn02nH20  during 
charge/discharge  in  the  U2SO4  electrolyte  result  in  significant 
structural  degradation  and  poor  cycling  performance  [28]. 

4.  Conclusion 

The  different  electrochemical  behaviors  and  the  corresponding 
composition  and  structural  evolution  of  crystalline  KxMn02-nH20 
during  charge/discharge  in  the  Li2S04,  Na2S04,  and  K2SO4  electro¬ 
lytes  were  investigated.  Results  indicate  that  intercalation/dein¬ 
tercalation  of  Li+,  Na+,  and  I<+  into/from  the  interlayer  spacing  of 
KxMn02-nH20  occurs  respectively  in  the  three  electrolytes. 
Compared  with  the  Li2S04  and  Na2S04  electrolytes,  the  highest 
ionic  conductivity  of  the  K2SO4  electrolyte  and  fastest  charge- 
transfer  process  of  KxMn02-nH20  in  the  K2SO4  electrolyte  lead  to 
the  superior  power  ability.  The  cycling  ability  of  KxMn02  •  11H2O  was 
also  found  to  be  greatly  influenced  by  the  types  of  electrolytes. 
KxMn02-nH20  exhibits  the  best  cycling  behavior  in  the  K2SO4 
electrolyte  due  to  its  slightest  structural  expansion/contraction 
degree  during  charge/discharge.  This  work  not  only  reveals  the 
superior  electrochemical  performance  of  Mn02-based  material  by 
employing  I<+  as  working  ions,  but  also  provides  a  new  route  for  the 
exploration  of  novel  energy  storage  systems  substituting  lithium 
ion  batteries. 
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